• The nanometer size gold film was developed by supercritical electroplating • The hardness of deposited gold film can be for industrial application of soft and hard gold • A theoretical approach was examined by statistical experimental method Abstract A non-cyanide gold bath has been used to deposit gold film on a brass substrate through electroplating process using supercritical carbon dioxide emulsion. The hardness of the deposited gold film was considered as a response variable to optimize the process parameters of electroplating operation by statistical experimental methods. Effects of current density, pressure temperature, and chemical composition of the solution were investigated to select the optimal operation factors. Scanning electron microscopy and micro--hardness testing were applied to determine the characteristics of the metallic film. The screening of significant variables was examined by a 2 5-1 fractional factorial design with V resolution method. The experimental results showed that the significant variables affecting the deposition of gold film were current density, pressure and temperature. Based on Box-Behnken design and response surface methodology (RSM), a regression model was built by fitting the experimental results with a polynomial equation. The optimal operating variable conditions can be searched at a specified hardness for industrial hard and soft gold application ranged from 83.8 to 157.7 HV.
Due to its remarkable characteristics in terms of chemical and electrical properties, electroplated gold classified into soft gold and hard gold has been widely used in the electronics industry [1] . Hard gold is used on electrical connectors and contacts requiring resistance to mechanical wear as well as low electrical contact resistance. On the other hand, the gold applied for bump must be sufficiently soft so that it is easily deformable to accommodate small variations in thickness [2] . However, a common problem exists during electroplating, which is that the electric current also causes the dissociation of water in addition to the electrolysis of metal ions, resulting in hydrogen to be released at the cathode. The formation of hydrogen may create several defects of deposited gold film owing to the pinholes effect. This is an important problem for industrial application that has recently been investigated by other researchers [3] [4] .
Supercritical carbon dioxide (Sc-CO 2 ) has received much attention as an alternative to harmful organic solvents used for extraction, separation, reaction, and for many other processes. The low viscosity, high diffusivity and zero surface tension of Sc-CO 2 has been exploited in a variety of impregnation processes [5] . Recently, plating technology with Sc-CO 2 has attracted special attention because Sc-CO 2 , in particular, can transport the solute into fine nanometer-space of the materials and clean even integ-rated circuits without shrinking or causing other harm due to the interface tension that exists between liquids and gases. Electroplated films obtained in emulsions composed of Sc-CO 2 and electroplating solutions have a uniformity and hardness, superior to those of films obtained using conventional electroplating methods [6] . While the several advantages of this new technique in plating have been well described, many studies have attempted to explain the mechanism by which electroplating within Sc-CO 2 creates such excellent films [7] . However, in gold-consumed industrial processes, the operation cost of electroplating system is of critical importance because expensive gold chemicals affect bath formulation and volumetric productivity. A combination of variables generating a certain optimum response can be identified through factorial design and the use of regression methodology [8] . This pattern is designed by using statistical methods to yield the most information by a minimum number of experiments.
In this work, a non-cyanide system for gold electroplating was designed to investigate whether nanometer-scaled gold film could be achieved using supercritical carbon dioxide processing. Furthermore, the surface response method combined with Box-Behnken design was applied to deal with the preparatory conditions of supercritical electroplating process in order to obtain suitable hardness of metal films. The aim of this paper was also to elucidate a simple model of electroplating conditions to control the hardness of gold film by supercritical electroplating process through statistical experimental method.
MATERIALS AND METHODS

Materials
The electroplating solution, which is usually referred to as a non-cyanide gold plating bath, consisted of sodium gold sulfite (Na 3 
Experimental apparatus
A high-pressure experimental apparatus were fabricated by ourselves and its outline was shown in Figure 1 , was used for electroplating. The temperature variation of each run was observed to be less than 1.0 °C. The maximum working temperature and the maximum pressure were 90 °C and 250 bar, respectively. The integrated electroplating cell that had a volume of 200 ml was a stainless steel 316 vessel in a temperature-controlled air bath with an agitator. Both the anode and the cathode were attached using platinum wires to the reactor and were connected to a programmable power-supply; model YPP15030, manufactured by Yamamoto-ms Co., Ltd. A typical electroplating reaction was performed in a constantly agitated ternary system of Sc-CO 2 , the electroplating solution and a surfactant. The 100 ml gold electroplating solution and the surfactant both were put in a high-pressure cell. CO 2 was introduced to the high-pressure cell using a pump and pressurized to a predetermined pressure. The ternary system was then constantly agitated using a cross-magnetic stirrer bar at a speed of 400 rpm under a desirable constant temperature. The bulk electroplating solution commenced after 30 min of agitation and the entire electroplating reaction for each run was carried out for same amount of electric charge at various operation conditions. Based on Faraday's law, the electroplating time was executed from 0.5 to 1.5 h depending on the conditions of current density and the thickness deposited gold film was obtained around 5.0±0.3 µm at the same quantity of electricity.
Analysis
The microscopic images of gold deposited film were obtained using a Hitachi S-4700I High-Resolution Scanning Electron Microscope & Energy Dispersive spectrometer. The surface features and average surface roughness values (Ra) were measured using atomic force microscopy (Veeco CP-II, ThermoMicroscopes Co. Ltd, USA). Micro-hardness values were measured using an AKASHI Vickers AVK-C2 hardness machine, with a weight of 50 g. For each sample, considering that the gold films from both the front and back of the brass substrate were also given, each hardness value is actually based on 15 measurements [9] .
RESULTS AND DISCUSSION
Surface observation
Gold electroplating was operated at a current density of 0.3 A/dm 2 in a constantly agitated ternary system of Sc-CO 2 (100 ml), and the electroplating solution (100 ml) and the surfactant (0.01 mol/L to the electroplating solution) under conditions 55 °C and 101 bar. The SEM analysis in Figure 2 showed that the size of grains in deposited gold film taken from supercritical plating is in the range of 100 nm. Therefore, a nanometer order electroplating is possible by a hybrid of traditional direct current (DC) electroplating and Sc-CO 2 techniques with an emulsion. It involves the electrochemical reaction in emulsions formed by Sc-CO 2 and aqueous electrolyte with surfactant PEOPPO. The emulsion particle size ranges typically from several nanometers to several millimeters and can be controlled with surfactants to within a relatively narrow size distribution [10] . When the electroplating solution comes in contact with the cathode, the nucleation and the crystal growth can occur. However, when the Sc-CO 2 comes in contact with the cathode, the nucleation and the crystal growth cannot occur [11] . This result indicates that Sc-CO 2 plays an important role in increasing the quality of plated film higher because Sc-CO 2 electroplating solution emulsion has performed characteristics with a higher diffusion coefficient, lower viscosity and the surface tension. This makes the deposited atoms on the cathode move more easily into the depressions of place than when using only electroplating solution; thus, films of excellent characteristics were obtained [12] . In addition, the average hardness of deposited gold films was 125.2 HV by supercritical electroplating, which is much higher than the hardness 85.6 HV of the gold film produced from the electroplating solution only. Since the hardness value of this plated film in the emulsion has been increased over 50%, there is a possibility that an impurity could have been included in the gold matrix and influence the metal structure. In order to confirm that the plated film is composed of pure gold, we performed measurements using an energy dispersive spectrometer of as-deposited 5 µm thick coating made from the emulsion of supercritical CO 2 at 101 bar, 55 °C and 0.3 A/dm 2 ( Figure 3 ). It can be observed from Figure 3 that the purity of deposited gold film is over 99.9%. The studies on the morphology of deposited gold film performed by other investigators [13] [14] show that the grain sizes caused by the inhibition of crystal growth as well as inclusions with incorporated impurities play the most important role in determining critical physical properties of hard gold. Thus, we could indicate that the higher hardness of the plated film produced by our method originated from the small grains of the gold and the small grain strengthening that occurs in our system.
Screening the significant variables
Since various parameters potentially affect the supercritical plating process [15] , the optimization of experimental conditions represents a critical step in the development of a supercritical gold plating method for hard and soft gold in industrial application. These parameters make it difficult to select the required conditions for subsequent reliable quantifications. Several studies have been conducted recently regarding electroplating technology using dense CO 2 , such as a supercritical fluid transported chemical deposition within a nanometer-scale casting. Electrochemical studies on Sc-CO 2 have also been reviewed by other investigators in the past few years [16] . However, there have been no reports within the literature of Sc-CO 2 being applied to their practical applications, because of complex of theory and mechanism. In order to have a better understanding on the role of each process parameter, interactions among process parameters and optimization of process parameters as well as responses, a statistical analysis is essential. In order to clarify the hardness values of deposited films, an experimental statistical method was applied to designs and analysis of experimental results to deal the preparatory conditions of nanometer-sized gold film from supercritical electroplating process.
In this study, Design Expert software (version 7.1, Stat-Ease Inc., Minneapolis, MN, USA, 2008) was used for experimental designs and analysis of experimental results. Response surface methodology (RSM) is an empirical modeling technique used to evaluate the relationship between a set of the controlled experimental variables and the measured responses. A prior knowledge and understanding of the process and process variables under investigation are necessary for achieving a more realistic model. The effect of five parameters including current density (X 1 ), pressure (X 2 ), temperature (X 3 ), the concentration of gold (X 4 ) and surfactant (X 5 ) were investigated using a 2 5−1 resolution V fractional factorial design to determine the significant variables that affected hardness of deposited gold film. Each variable had two levels to be examined for a high (+1) and low level (−1). The high and low levels selected represented the extremes of normal operating ranges. Table 1 shows the variables and levels in detail.
In variable screening, a 2 5-1 fractional factorial design (FFD) with V resolution was applied to test the significant variables. The screen experimental design and results are shown in Table 2 . Depending on the operating conditions, the hardness of gold film varied from 81.8 to 158.8 HV. Results from analysis of variance are shown in Table 3 . Based on experimental statistical analysis for F-test method, it can be seen from Table 3 that the model F-value of 43.64 implies the model is significant for quality of deposited gold films navigating the design space. In this case the values of "Prob > F" less than 0.100 indicate the model terms are significant, it is proven that current density, pressure and temperature are significant model terms, whereas the concentration of gold and surfactant did not exert significantly effect on hardness of deposited gold film because the values of "Prob > F" greater than 0.100. The three significant variables -current density, temperature and pressure -will be further investigated for the following optimization process. 
Optimization
Based on Box-Behnken design for 3 variables, a set of 17 experiments was carried out [18] and experimental results are shown in Table 4 . The experimental results were analyzed using statistical methods appropriate to the experimental design used. Design Expert 7.1 was used to analyze the experimental results. According to the RSM methodology, a polynomial model was used to fit the independent variables using the following equation: In the study, the hardness of deposited gold film data was processed for Eq. (1) including ANOVA to obtain the interaction between the process variables and the response. The quality of the fit of polynomial model was expressed by the coefficient of determination, R 2 , and statistical significance was checked by the F-test in the program [19] [20] . The regression analysis gave the following regression model: Table 4 , it can be observed that most of the standard residuals should lie in the interval of 2.55 with respect to its observed response. Therefore, the predicting response surface equation confirms that the equation gives a reasonable fitting to the experimentally observed data.
Based on analyzing the Eq. (2) with statistical experimental method, the optimal condition for deposited gold film should be obtained for industrial application of hard and soft gold navigating the design space. For example, the operation condition should be controlled at 128 bar, 54.3 °C and 0.102 A/dm 2 if the required hardness of hard gold application needs to be 125 HV. If the designed hardness of gold film was 90 HV for soft gold application, the optimal condition could be executed at 75.2 bar, 52.3 °C and 0.44 A/dm 2 . Confirmation experiments were performed and the results showed that the difference between the predicted values and the measured values is within 15%. Statistical optimization method overcomes the limitations of classic empirical methods and is proven to be a powerful tool for the optimization of gold film deposition.
CONCLUSIONS
High quality gold films with fine grains have been developed using a new electroplating method involving the emulsion of a supercritical carbon dioxide, an electroplating solution and a surfactant, PEOPPO. The films plated using this method have a uniformity of the surface and Vickers hardness better than the results obtained by using conventional electroplating methods. Analysis of the composite materials by SEM allowed the measurement of grain size in neighborhood of 100 nm. It is also highlighted that the developed medium showed a nanometer-sized gold film with hardness ranging from 83.8 to 157.7 HV has been obtained for industrial application of soft and hard gold by combining the optimal settings of those variables. Data from the present investigation have shown that gold film deposition is dependent mainly on current density, pressure and temperature. On the basis of Box-Behnken design, using response surface methodology, a theoretical approach calculated from numerical calculation is in agreement with the experimental data.
